Conventional mechanical testing has historically been the gold standard for investigating the effects of various interventions and pathologies on the structure-function properties of the skeleton. Virtual Biomechanics (VB), or the assessment of mechanical strength of skeletal tissue through an alternate non-destructive means, has several advantages over conventional mechanical testing. It enables researchers to perform longitudinal in-vivo assessment of bone strength to study the effects of various pathologies and pharmacological interventions. It significantly reduces the number of subjects, the costs associated with a study, and the experimental errors related with mechanical testing under different inter-laboratory testing protocols.
INTRODUCTION
Conventional mechanical testing has historically been the gold standard for investigating the effects of various interventions and pathologies on the structure-function properties of the skeleton. Virtual Biomechanics (VB), or the assessment of mechanical strength of skeletal tissue through an alternate non-destructive means, has several advantages over conventional mechanical testing. It enables researchers to perform longitudinal in-vivo assessment of bone strength to study the effects of various pathologies and pharmacological interventions. It significantly reduces the number of subjects, the costs associated with a study, and the experimental errors related with mechanical testing under different inter-laboratory testing protocols.
We have introduced a new method called Structural Rigidity Analysis (SRA) to non-invasively assess the axial, bending and torsional rigidities of bones from their transaxial cross-sectional image. The SRA method applies engineering composite beam theory principles to sum the modulus-weighted area of each bone pixel by its position relative to the centroid of the bone to assess fracture risk. In order to apply this methodology in animal research, we must derive empirical relationships that describe mechanical properties of any bone as a function of its density. In order to void the use of an arbitrary thresholding value to separate cortical bone from cancellous bone in the current study, we first predict nano-indentation generated tissue level modulus and hardness of rat cortical and cancellous bone are not different from one another. And then we aim to derive univariate relationships expressing axial compressive mechanical properties of rat bone as a function of µCT based equivalent bone mineral density, bone volume fraction or apparent density over a range of normal and pathologic bone tissue density.
METHODS
After the Institutional Animal Care and Use Committee (IACUC) protocol was approved, Thirty female Sprague Dawley rats were obtained and were divided into three equally sized groups: the control group (CON) with no surgical or dietary interventions; the ovariectomized group (OVX) underwent ovariectomy 1 wk prior to the study and nephrectomized group (NFR) underwent 5/6 nephrectomy 1wk prior to the study and placed on a modified diet containing 0.6% Ca and 1.2% P till the end of the study. The CON, NFR and OVX animals were euthanized at 2, 3, and 4 months, respectively, and femurs from each animal were used for the study. A mid-diaphyseal (cortical bone only with about 2:1 height to diameter ratio) and a distal metaphyseal (cancellous + cortical bone cut from the growth plate) specimen was cut from each femur perpendicular to the anatomical axis. The metaphyseal cortex was shaved off using diamond wafering blades on a low-speed saw under copious irrigation and the presence of cortical shell was ruled out via regular inspection of the specimen and contact radiography during the process. Additionally one mm thick sections of diaphyseal cortical bone and metaphyseal cancellous bone were cut in mutually orthogonal axial and transverse planes for nano-indentation and embedded in low-viscosity epoxy resin.
Sequential transaxial images through the entire cortical and cancellous bone sections were obtained using micro-computed tomography (µCT) at an isotropic voxel size of 30 µm, integration time of 250 ms and tube voltage and current of 55KeV and 145 uA respectively, while applying a 1200 mg.cm -3 hydroxyapatite (HA) beam hardening correction curve. The images were binarized to separate bone from background using an adaptive thresholding procedure. After thresholding, cortical bone volume fraction (Ct.BV/TV) and cancellous bone volume fraction (BV/TV) were assessed for all images. Cortical and cancellous equivalent bone mineral densities ( m(i)) were calculated using a hydroxyapatite phantom, supplied by the manufacturer, to convert X-ray attenuation coefficient (µ) to an equivalent density. This equivalent mineral density ( EQUIV, g.cm -3 ) was calculated by summing [ m(i)·dv] over all voxels contained within the bony segments visualized on each transaxial µCT image and dividing that sum by the total µCT bone tissue volume, BV = dvbone. Furthermore, cross sectional areas of the bony components of the cortical and cancellous bone specimens were calculated from the thresholded µCT images. Then, the cross-section with the minimum area was chosen to be used to calculate stresses.
Thirty five indentations distributed across the cross-section of each sample were performed and the results were averaged per sample. The middle of the trabecular elements and the cortical shells were selected as nano-indentation sites to avoid boundary condition errors. The load and displacement resolutions were 1 nN and 0.02 nm respectively. The contact area AC and contact stiffness S were measured and the elastic modulus for the specimen (ENANO) and the hardness (H) data were derived from the stiffness data. Mid-diaphyseal and distal metaphyseal specimens were preconditioned, using a triangular waveform to 0.33% strain for 7 cycles and a strain rate of 0.005 s -1 , followed by uniaxial compression to failure at a strain rate of 0.01 s -1 . Stiffness was assessed by measuring the slope of the elastic region of the load displacement curve for the cortical and cancellous segments; yield load was assessed as the point where the load-displacement curve ceased to be linear; and ultimate load was assessed as the highest load point. Modulus of elasticity was assessed by measuring the slope of the elastic region of the stress strain curve for the cortical and cancellous segments; yield strength was assessed as the point where the stress strain curve ceased to be linear; and ultimate strength was assessed as the highest strength point.
RESULTS
There is little difference between normal rat cortical and cancellous tissue properties with respect to tissue type and orientation. There are no statistically significant differences between the tissue modulus and tissue hardness values for rat cortical and cancellous bone (p>0.05) and for the orientation (p>0.05). In addition, a paired Student's T test showed no differences in ENANO and H between the pairs of axial (p = 0.46) and transverse (p = 0.72) specimens for both cortical and cancellous bone. We obtained univariate relationships describing 71%-78% of the mechanical properties of rat cortical and cancellous bone based on apparent density ( APP), bone volume fraction (BV/TV), or equivalent mineral density ( EQUIV) over a wide range of density and common skeletal pathologies (Table 1) .
DISCUSSION
Nano-indentation results suggest that femoral diaphyseal cortical and femoral metaphyseal cancellous SD rat bones have similar tissue level hardness and modulus properties in the axial and transverse directions. These relationships reported in this study can describe the mechanical properties of both cortical and cancellous bone over a wide range of bone density and common skeletal pathologies, obviating the need for an arbitrary value to separate cortical bone from cancellous bone and the use of two separate relationships. These relationships coupled with the structural rigidity technique introduced by the authors provide a non-invasive method to assess fracture risk in bones affected by pathology and/or treatment options. 
